Cytokinins play important roles in legume-rhizobia symbiosis. Here we report isolation of six genes encoding isopentenyl transferase (IPT) from Lotus japonicus, which catalyze the rate-limiting step of cytokinin biosynthesis. The LjIPT3 gene was found to be up-regulated in infected roots and mature nodules. Histochemical analysis demonstrated expression of Pro LjIPT3 :GUS (b-glucuronidase) in vegetative and reproductive organs, and was especially high in the vascular bundles of roots. When inoculated with Mesorhizobium loti MAFF303099, LjIPT3 was undetectable in the nodule primordia and developing nodules, and later it was expressed only in the vascular bundles of mature nodules. In addition, knockdown of LjIPT3 (LjIPT3i) by RNA interference reduced levels of endogenous cytokinins, affected plant development and accelerated Chl degradation during dark-induced leaf senescence. Compared with the wild type, LjIPT3i plants produced fewer infection threads and nodules. In addition, expression of downstream nodulation-related transcription factor genes LjNSP1, LjNSP2 and LjNIN decreased dramatically in LjIPT3i plants. These results suggest that LjIPT3 regulates the CRE1-dependent cytokinin pathway, affecting nodule initiation and thereby influencing the number of infection threads and nodules. Detection of nitrogenase activity and observation of nodule structure showed that endogenous cytokinins are required for full development of the infected cells in mature nodules by preventing early senescence. Therefore, our results indicate that the LjIPT3 gene product is required for nodule initiation and development, and does not appear to be involved in early infection events.
Introduction
The symbiotic interaction between rhizobia and their legume hosts results in the formation of nodules in which atmospheric nitrogen is fixed to provide plants with a reliable nitrogen source. During this process, cytokinins (CKs) are considered to be an important signal for nodule organogenesis (Oldroyd 2007) . It has been shown that CKs secreted by Rhizobium are required for nodule organogenesis in Medicago sativa (Cooper and Long 1994) . Exogenous CKs can induce cortical cell divisions and expression of early nodulin genes in legumes (Mathesius et al. 2000 , Heckmann et al. 2011 . On the other hand, reduced CK accumulation and/or perception block nodulation. Overexpression of heterologous CK oxidase/ dehydrogenase genes, which are involved in CK degradation, results in reduced nodulation in Lotus japonicus (Lohar et al. 2004) . Recent studies have indicated that the CK receptor plays important roles in nodulation. A loss-of-function mutation in LHK1, an L. japonicus CK receptor gene, impairs the formation of nodule primordia, and nodules develop spontaneously in the absence of rhizobia in L. japonicus (Murray et al. 2007 , Tirichine et al. 2007 . Similarly, specific down-regulation of MtCRE1, the ortholog of Lhk1, leads to the formation of CK-insensitive roots and dramatically inhibits nodulation in Medicago truncatula (Gonzalez-Rizzo et al. 2006 , Plet et al. 2011 . Furthermore, the LHK1 receptor is thought to be downstream of CCaMK, but upstream of NSP1, NSP2 and NIN in the Nod factor signaling pathway (Murray et al. 2007 , Tirichine et al. 2007 , Madsen et al. 2010 , Heckmann et al. 2011 . Taken together, these studies show that plant CK signaling is necessary, and also sufficient, for nodule development.
However, it remains unclear whether the initial cellular response to Nod factor signaling involves de novo biosynthesis of CKs. As a phytohormone, the senescence-delaying effect of CKs in leaves is well known, and CKs also play a central role in the regulation of plant growth and development. The pathway for CK biosynthesis in higher plants has been established in Arabidopsis (Kiba and Sakakibara 2010) . In this biosynthetic pathway, the first and rate-limiting step is catalyzed by adenosine phosphate isopentenyl transferase (IPT). In Arabidopsis, nine IPT genes (AtIPT1-AtIPT9) have been identified and these show different spatial expression patterns and hormone responses (Miyawaki et al. 2004 , Takei et al. 2004 ). Among them, seven IPT genes (AtIPT1 and AtIPT3-AtIPT8) have been shown to be involved in the N-prenylation step of CK biosynthesis (Kakimoto 2001) , while AtIPT2 and AtIPT9 are involved in the tRNA-isopentenyl transferase pathway.
To study the role of endogenous CK in symbiotic nitrogen fixation in legume plants, six IPT genes (LjIPT1-LjIPT6) were identified in L. japonicus, and then characterized by their expression patterns in different tissues and at different stages of nodulation. LjIPT3 was found to be up-regulated in inoculated roots and mature nodules. Its expression pattern was further investigated by histochemical analysis of Pro LjIPT3 :GUS (b-glucuronidase) lines. Additionally, knockdown transgenic plants were generated to elucidate the roles of LjIPT3 in nodulation.
Results

Isolation of IPT genes from L. japonicus
Six IPT genes were identified by searching all available L. japonicus DNA databases, using the predicted amino acid sequences encoded by Arabidopsis IPT genes (AtIPT1-AtIPT9) (Kakimoto 2001 , Takei et al. 2004 ). The L. japonicus genes were designated LjIPT1-LjIPT6. No introns exist in LjIPT genes, with the exception of LjIPT5, which has nine introns. A phylogenetic analysis of L. japonicus, Arabidopsis, rice and maize ( Fig. 1) divided the plant IPT proteins into four clades.
LjIPT2, LjIPT3 and LjIPT4 were clustered with AtIPT3, AtIPT5 and AtIPT7 in group † of plant IPTs. LjIPT1 was clustered with AtIPT1, AtIPT4, AtIPT6 and AtIPT8 in group I † of plant IPTs. LjIPT6 was closely related to AtIPT9 in group III and LjIPT5 was closely related to AtIPT2 in group IV. AtIPT2 and AtIPT9 have been shown to correspond, respectively, to eukaryotic and prokaryotic tRNA-IPTs, which catalyze prenylation of tRNA (Kakimoto 2001 , Takei et al. 2004 . The phylogenetic tree also suggests that the divergence of the two plant IPT subfamilies, group I and group I †, occurred before the division of dicotyledonous and monocotyledonous plants.
Expression pattern of LjIPT genes in L. japonicus
To analyze the tissue-specific expression of LjIPT genes, reverse transcription-PCR (RT-PCR) analysis was conducted and revealed that six LjIPT genes were expressed at different levels in the analyzed organs ( Fig. 2A) . LjIPT1 was highly expressed in flowers, and moderately in roots, leaves, cotyledons, siliques and stem. LjIPT2 transcripts were highly expressed in flowers, and moderately in leaves and cotyledons, but only weakly in roots, stems and siliques. LjIPT3 was highly expressed in roots, flowers and siliques, and moderately in stems, leaves and cotyledons ( Fig. 2A) . LjIPT4 and LjIPT5 were relatively highly expressed in flowers and roots. LjIPT6 was found to be expressed at a low level in all organs examined ( Fig. 2A) . Expression of all LjIPT genes was detected in nodules (Fig. 2B) . The level of LjIPT3 transcripts increased during nodule development and reached the highest level at the mature stage (Fig. 2B) . The expression levels of LjIPT1 and LjIPT2 were also higher in nodules than in uninoculated roots (Fig. 2B) . Next, quantitiative RT-PCR was performed to investigate the temporal expression of IPT genes during nodulation. The expression level of LjIPT3 increased steadily with time after inoculation with Mesorhizobium loti (Fig. 2C) . The expression level of LjIPT1 increased at 7 d after inoculation. The expression level of the other LjIPT genes did not change significantly in roots after inoculation (Fig. 2C) .
To elucidate further the expression pattern of the LjIPT3 gene, a Pro LjIPT3 ::GUS plasmid was constructed and transformed into L. japonicus plants. Five independent transgenic lines were obtained, and from these three independent homozygous lines were studied; the three lines had similar expression patterns. For the young seedlings, LjIPT3 expression was detected in both expanded and unexpanded leaves (Fig. 3A) . It was also predominantly expressed in uninfected roots (Fig. 3B) . In mature flowers, the expression of LjIPT3 was mainly detected in anthers and pollen (Fig. 3C) . Additionally, the expression of LjIPT3 was also detected in siliques, especially in carpels and grains (Fig. 3D) . Three days post-inoculation (dpi) with M. loti, stronger expression was observed in 80-90% of the infected root vasculature (Fig. 3E) than in uninfected roots. During the formation and development of nodules, the expression of LjIPT3 was not observed in the nodule primordia and young nodules (7-day-old nodules) (Fig. 3F, G) , but histochemical analysis showed that LjIPT3 was expressed in vascular bundles in the mature nodules (Fig. 3H, I ). These results suggested that LjIPT3 may play roles in the development of the vascular system, but appears not to be involved in cellular division and nodule primordia development.
Generation of LjIPT3 RNAi transgenic L. japonicus plants
Seven independent LjIPT3 RNAi (RNA interference) transgenic L. japonicus MG-20 plants were obtained. Three of these lines, IPT3i-5, IPT3i-6 and IPT3i-3, and their homozygous descendants were chosen for further analyses.
To examine the effect of LjIPT3 RNAi on the transcription level of LjIPT genes, the expression level of LjIPT genes in roots without inoculation was analyzed using real-time PCR. The results showed that the level of LjIPT3 transcripts in roots was strongly suppressed in the T 1 transgenic plants (Fig. 4A) , whereas no obvious reduction in transcript levels of other LjIPT genes was detected. These results indicate that LjIPT3i plants exhibit a specific silencing of the LjIPT3 gene.
Next, we compared the endogenous CK levels of roots and leaves in wild-type and transgenic plants. As shown in Fig. 4B and C, four CK species [cis-zeatin (cZ), cZ riboside (cZR), isopentenyl adenine (iP) and iP riboside (iPR)] were examined. Compared with the wild type, the concentration of iP and iPR in the roots and/or leaves from IPT3i transformants decreased dramatically; however, no significant change was observed in the cZ and cZR level. These results confirmed that reducing expression of LjIPT3 inhibited de novo CK biosynthesis, and LjIPT3 may be essential for iP-and iPR-type cytokinins in L. japonicus.
Knockdown of LjIPT3 accelerates leaf senescence and affects plant development in L. japonicus
CKs can delay leaf senescence in IPT3i transgenic plants by increasing CK content (Gan and Amasino 1995) . Breakdown of Chl is an index of leaf senescence and it has long been known that leaf senescence can be induced by detaching leaves and placing them in the dark. We tested the Chl content in IPT3i leaves and wild-type leaves. Chl breakdown was faster in IPT3i leaves than in wild-type leaves during dark-induced senescence (Fig. 5A, B) . At 10 d after dark-induced senescence, wild-type leaves had lost 56% Chl, while the IPT3i leaves had lost >78% Chl compared with 0 d after dark-induced senescence. RT-PCR analysis of the expression levels of LjIPT genes in nodules after inoculation. Uninoculated roots at 10 d were used for comparison. All RT-PCRs were carried out for 25 cycles, which were tested in the linear amplification range for each target gene. (C) Real-time PCR analysis of the expression levels of LjIPT genes during the early nodulation process in L. japonicus roots. The data were normalized by adjusting for the expression level of Actin as an internal control. The Actin-normalized value for the 0 h sample was set to a value of 1. The data are averages of triplicate RNA preparations; error bars indicate the standard errors of the data resulting from three independent experiments. **Statistically significant difference, P < 0.01.
In a next step, we investigated total plant growth by measuring the length of shoots and roots. Compared with the wild type, root length increased and shoot length decreased in IPT3i plants when plants were uninfected (Fig. 6A, C) . This is consistent with the fact that CKs are positive regulators of shoot growth (Rahayu et al. 2005 ) and negative regulators of root growth (Werner et al. 2001) . In contrast, both root length and shoot length were shorter in IPT3i plants than those in the wild type 3 weeks after inoculation (Fig. 6B, D) . Thus it appears that, together with CKs, nodulation has an effect on root development in IPT3i plants.
Knockdown of LjIPT3 affects nodule number and nodule development
Previous studies showed that exogenous CKs induce the formation of visible nodule primordia on L. japonicus roots (Heckmann et al. 2011) . In order to investigate the roles of endogenous CKs in nodulation, the nodulation phenotype was observed in RNAi plants. Both infection thread number and nodule number decreased in LjIPT3i plants (Fig. 7B, C) . Transgenic plants had only 4.31 ± 1.78 to 4.46 ± 1.61 nodules per plant, while the wild-type plants had 10.13 ± 2.70 nodules per plant 30 dpi (Fig. 7A, C) .
In order to investigate the function of endogenous CKs in nodules, nitrogenase activity was determined and nodule structure was observed. When compared with the wild-type plants, the nitrogenase activity of both 15-and 30-day nodules was lower in LjIPT3i plants (Fig. 8A) . In addition, micrographs revealed that senescent bacteroids rapidly accumulated in 30-day old nodules of LjIPT3i plants (Fig. 8B, C) . It is likely that knockdown of LjIPT3 resulted in the early senescence of nodules and therefore reduced nitrogenase activity. During the senescence process, the CK level is reduced and the exogenous application of CKs delays senescence (Hwang et al. 2012) . Therefore, to understand further the function of CKs in nodule senescence, application of exogenous CKs on IPT3i plants was carried out. We found, very interestingly, that nitrogenase activity in 30-day-old nodules could be partially restored by application of 10 À7 M 6-benzylaminopurine (BAP) on IPT3i roots.
Overall, these results indicate that endogenous CKs are required for nodule development in L. japonicus.
Endogenous CKs may affect CRE-dependent expression
Expression of the early nodulin genes ENOD40 and NIN and the nodulation signaling pathway genes NSP1 and NSP2 is regulated by the CK receptor gene LHK1/CRE1 (Murray et al. 2007 , Tirichine et al. 2007 ). To investigate the roles of endogenous CKs in the nodulation pathway, expression of genes involved in the Nod factor signaling pathway was examined. In LjIPT3-suppressed plants, the expression levels of nodulation genes, such as LjENOD40, LjNIN, LjNSP1 and LjNSP2, was dramatically lower in uninfected roots of LjIPT3-suppressed plants compared with the wild type. These data indicate that the decreased endogenous levels of CKs result in reduced expression of nodulation genes in roots, and therefore fewer infection threads were formed on the roots of IPT3 plants than in those of the wild type when roots were inoculated with Rhizobium. In addition, the rapid up-regulation of nodulation genes in roots exposed to inoculation with M. loti was observed in transgenic plants, but was always lower than that in the wild type at the same time point (Fig. 9) . Overall, our results indicate that the reduction of infection thread number and nodule number on IPT3i roots may be caused by the decreased expression of genes involved in the Nod factor signaling pathway.
Discussion
LjIPT3 affects plant development and nodulation in L. japonicus via regulation of endogenous CK levels IPT catalyzes the first key step of CK biosynthesis in plants (Kakimoto et al. 2001 ). In the LjIPT3-suppressed plants, levels of iP-and iPR-type CKs were greatly decreased, clearly indicating that LjIPT3 is critical for the formation of iP-and iPR-type CKs. Knockdown of LjIPT3 accelerated Chl breakdown under the condition of dark-induced senescence (Fig. 5) , which agrees with the fact that CKs delay leaf senescence (Gan and Amasino 1995, Rahayu et al. 2005 ). In addition, suppressing expression of LjIPT3 reduced shoot development in both uninfected and infected plants (Fig. 6) , consistent with the role of CKs as positive regulators of shoots. Therefore, LjIPT3 may be a key IPT for CK biosynthesis and affect plant development by changing levels of iP-and iPR-type cytokinins in L. japonicus.
In Arabidopsis, IPT exhibits a spatially specific expression pattern, but none of the single or double mutants for IPT genes exhibited a visible phenotype (Takei et al. 2004 ). Here, IPT3i plants showed both developmental and nodulation phenotype. Similarly, it is well known that CKs negatively regulate root growth, which is in agreement with our finding that root length was longer in uninfected IPT3i plants. However, compared with inoculated wild type, root length was shorter in infected IPT3i plants (Fig. 6B, D) . It is very likely that the low level of nitrogenase activity in IPT3i nodules restricts root development and has a bigger impact on root development than the level of endogenous CKs does (Fig. 8) . These topic will be further examined in future studies by application of different type of exogenous CKs to the LjIPT3-silenced plants.
LjIPT3 regulates nodule initiation by affecting CLE-dependent signaling during nodulation
The involvement of CK signal in legume nodulation is clearly established (Murray et al. 2007 , Oldroyd 2007 , Tirichine et al. 2007 , Frugier et al. 2008 . CKs secreted from Rhizobium play Seedlings were inoculated with M. loti and grown on plates with 1/2 B&D medium for 3 weeks and then collected for measurement. For D and E, the lengths are the average of the longest length of >15 seedlings for each biological experiment, and three biological experiments were conducted. *Statistically significant difference, P < 0.05; **Statistically significant difference, P < 0.01. Error bars indicate the standard errors of the data from three independent experiments. important roles in legume-Rhizobium symbiosis (Cooper and Long 1994) . Exogenous CKs can also induce cortical cell divisions and affect expression of early nodulin genes in legumes. CK receptor gene family members, such as LHK and MtCRE1, regulate Nod factor signaling genes and are involved in nodule initiation (Gonzalez-Rizzo et al. 2006 , Murray et al. 2007 , Tirichine et al. 2007 , Plet et al. 2011 ). However, whether the endogenous CKs in host plants play a part in nodule initiation remains unclear. In M. truncatula, the early nodulation-related transcription factors NIN, ERN1 and NSP2 were rapidly up-regulated in roots exposed to both exogenous CKs and rhizobia (Gonzalez-Rizzo et al. 2006 , Murray et al. 2007 ). We showed that in LjIPT3-suppressed plants, both LjNIN and LjNSP2 were dramatically down-regulated in uninfected roots due to a low level of endogenous CKs. LjNSP1, LjNSP2, LjNIN and ENOD40-1 were all found to be simultaneously up-regulated in LjIPT3i roots when plants were inoculated with rhizobia. Hence, endogenous CKs in plants may be required for regulation of the Nod factor signaling pathway. LjIPT3 was not expressed in the nodule primordia and developing nodules based on the results from the Pro LjIPT3 :GUS fusion (Fig. 3) . However, ENOD40 is required for nodule initiation and subsequent organogenesis (Kumagai et al. 2006) , and it had a much lower transcription level in LjIPT3i plants than in the wild type (Fig. 9) . Similarly, NIN is associated with the formation of infection threads and the initiation of primordia (Schauser et al. 1999) , and its transcription level decreased when endogenous CK levels were reduced in LjIPT3i plants (Fig. 9) . Taken together, decreased infection threads and nodule number in LjIPT3i were probably the result of an imperfect Nod factor signaling pathway, which was affected by the reduced level of endogenous CKs. According to our results, endogenous CKs may be required for nodule initiation via regulation of CLE-dependent nodulation gene expression, but are probably not involved in early infection events.
Endogenous CKs are required for full development of infected cells by preventing early senescence CK signaling acts in initial cortical cell divisions and later in the transition between meristematic and differentiation zones of the mature nodule to regulate nodule organogenesis (Plet et al. 2011) . Evidence for this includes a CK perception mutant hit1 which fails to initiate cortical cell divisions in response to rhizobial signaling, demonstrating that a cytokinin receptor is required for activation of nodule organogenesis (Murray et al. 2007 ). In our study, LjIPT3-suppressed plants formed prematurely senescent nodules (Fig. 8) , but LjIPT3 was expressed only in the vascular bundle in the mature nodules, and not in nodule primordia or the infection zone of mature nodules (Fig. 3H, I ). Based on our results, a decreased level of CKs accelerated nodule senescence and thus caused a gradual decline in nitrogenase activity throughout nodule development. Additionally, application of exogenous CKs could partially restore nitrogenase activity in IPT3i nodules (Fig. 8B) . Therefore, from our results, it appears that endogenous CKs are required for nodule development by preventing early senescence. CKs are known to slow aging of plant organs, and our study provides compelling evidence that this also applies to nodules.
In conclusion, our results provide strong evidence that legume endogenous CKs play essential roles in nodule initiation and development, but are not involved in early infection events. Further analysis of the influence of exogenous CKs on IPT3i plants is now in progress.
Materials and Methods
Plant growth and bacterial strains
Lotus japonicus genotype 'MG-20' was used as the wild-type control for phenotypic and genotypic analysis. Seeds were scarified for 10 min in sulfuric acid and planted in vermiculite Fig. 9 Real-time PCR analysis of the expression of nodulation-specific signal transduction genes in roots inoculated with M. loti at 0, 3 and 14 dpi. The nodule inception gene (LjNIN), early nodulin gene (LjENOD40) and nodulation signaling pathway genes (LjNSP1 and LjNSP2) were analyzed. The data were normalized by adjusting for the expression level of Actin as an internal control. The Actin-normalized value for the 0 day wild-type sample was set to 1. The data are averages of triplicate RNA preparations; error bars indicate the standard errors of the data from three independent experiments. **Statistically significant difference, P < 0.01. irrigated with Broughton and Dilworth (B&D) nutrient solution without nitrogen. For growth on agar medium, the scarified seeds were sterilized with 2.5% sodium hypochlorite for 15 min and put into square Petri dishes for 3 d; seedlings were then inoculated with M. loti MAFF303099 or DsREDlabeled M. loti MAFF303099, or mock treated with 5 mM KNO 3 . All plants were grown in a growth chamber (day/night cycles of 18 h/6 h; temperature 22 C/20 C).
Hormone treatments
Seedlings were planted in vermiculite in a Magenta box and irrigated with B&D nutrient solution without nitrogen and with 10 À7 M BAP (Sigma-Aldrich). After 3 d, seedlings were inoculated with M. loti. Plants were irrigated with 10 À7 M BAP every 2 weeks. Six weeks after inoculation, nodules were harvested for nitrogenase activity experiments. In all cases, three independent transgenic lines were used and three biological experiments were performed (n > 10).
Analysis of infection thread formation and nodulation phenotypes
Transgenic and wild-type 'MG-20' plants were grown on agar in the plates with 1/2 B&D. The seedlings were inoculated with DsRED-labeled M. loti MAFF303099. The roots were harvested at appropriate time intervals. Infection threads were observed under a fluorescence microscope and counted on 1 cm segments from the whole root (roots <1 cm were excluded from the analysis). We used wild-type 'MG-20' plants as a positive control in these experiments; however, the nodulation phenotype of the plants transformed with the vector containing GUS coding sequences instead of the LjIPT3 RNAi cassette was confirmed to be exactly the same as that of the wild-type plants.
Isolation and phylogeny of L. japonicus IPT genes
A BLAST search using the predicted amino acid sequences encoded by Arabidopsis IPT genes was performed against L. japonicus DNA databases as described in Sakamoto et al. (2006) . Full-length cDNAs were isolated by RT-PCR and rapid amplification of cDNA ends (RACE; TAKARA; http://www.takara. com.cn/). The predicted protein sequences were initially clustered with ClustalW (Thompson et al. 1994) . TreeView was used to generate graphic output (Page 1996) . Accession numbers of the sequences used are given in Supplementary Table S1 . The entire coding regions for putative homologs of rice IPT genes were amplified by PCR using L. japonicus cDNA as a template.
Plasmid constructs and plant transformation
A 1,950 bp sequence upstream of the ATG start codons of LjIPT3 was amplified by thermal asymmetric interlaced PCR (TAIL-PCR) and PCR using genomic DNA as templates with the primers given in Supplementary Table S2 . The PCR products were cloned into pGEM-T Easy (Promega; http://www. promega.com/) and sequenced to verify that unintended changes had not been introduced. The cloned promoters were excised from the pGEM-T vector with SalI and EcoRI, and subcloned into the same sites of the binary vector pCAMBIA1391Z.
For the RNAi construct, a 155 bp cDNA fragment of LjIPT3 containing a box that is not conserved in other LjIPT genes was amplified by PCR from LjIPT3 cDNA with the primers given in Supplementary Table S2 . The amplification products were digested with SacI/BamHI and with SalI/KpnI, and ligated into pBluescript plasmid vector, in which the forward and reverse LjIPT3 sequences were located in tandem with a pyruvate dehydrogenase kinase intron between them. This intron-containing hairpin RNA (ihpRNA) construct was placed behind the 35S promoter. Then the entire RNAi construct was subcloned as a SacI-KpnI fragment into a binary vector, pCAMBIA1301.
The resulting construct was introduced into Agrobacterium tumefaciens strain AGL1 by the freeze-thaw procedure. Transformation of L. japonicus was carried out according to the method described by Stiller et al. (1997) with some minor modifications. In brief, hypocotyls excised from L. japonicus MG-20 seedlings were infected with A. tumefaciens strain AGL1 harboring the binary vector constructs described above. Generated calli were screened for hygromycin resistance and the regenerated plants were grown in pots with vermiculite to harvest the T 1 seeds. More than 20 independent T 1 transgenic lines were generated and plants with sufficient fertility were selected and further propagated.
Expression analysis
Samples used for expression analysis were: roots, stems, cotyledons and leaves from 10-day-old seedlings; whole unexpanded flowers; and young siliques 1-1.5 cm in length. To characterize the expression level of LjIPT genes in the root after inoculation with M. loti, root tips approximately 2 cm in length were collected. Total RNA was extracted from frozen samples using the RNeasy Plant Mini Kit (Qiagen; http://www.qiagen.com/de fault.aspx) and Trizol (Invitrogen; http://www.invitrogen.com/ site/us/en/home.html). First-strand cDNA was synthesized from 1.5 mg of total RNA using the Superscript II First-Strand Synthesis System (TAKARA). The resultant cDNA was used as the template for RT-PCR. Real-time PCR was performed in a 96-well plate format using SYBR Premix Ex Taq (TAKARA) on an Applied Biosystems 750 LightCycler (ABI) according to the standard procedures described in the manufacturer's instructions. Primers were designed by the Primer3 software (http:// frodo.wi.mit.edu/cgi-bin/primer3/). Primers used in RT-PCR and real-time RT-PCR experiments are listed in Supplementary Table S2 . Technical replicates (on two independent syntheses of cDNA derived from the same RNA sample) and three independent biological experiments were performed in all cases. Actin was used as an internal standard.
Histochemical staining and microscopic analysis
Staining with GUS was as previously described (Pichon et al. 1992 ; samples were incubated for up to 0.5-4 h at 37 C). After staining, nodules were embedded in 3% agarose, then hand-cut and viewed with a bright-field microscope. For electron microscopy, nodules from transgenic and wild-type plants at 5 weeks after inoculation were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.0) overnight at 4 C. The fixed nodules were dehydrated by two washes in distilled water and three washes in 2, 2-dimethoxypropane solution for longitudinal and transversal sectioning. Thin sections (4 mm) were stained with toluidine blue for light microscopy.
Measurement of CK concentrations
Roots and leaves from 8-week-old wild-type plants and transformants (approximately 2.5 g) were collected and stored at À80 C. CKs were extracted and fractionated from whole plants, and the resulting CK fractions were analyzed by liquid chromatography-mass spectrometry, as described previously (Takei et al. 2004 ).
Measurement of Chl content
For analyses of Chl, leaves 3 and 4 of 4-week-old seedlings which were grown in vermiculite were used. To induce senescence, leaf 4 was excised from the plants and incubated in B&D solution in darkness at 28 C. Pigments were extracted with 80% acetone in a mortar and ground to a fine powder in the presence of quartz sand. After centrifugation at 10,000 Â g for 10 min at 4 C, the Chl concentrations of the samples were determined.
Measurement of nitrogenase activity and statistical analysis
Nitrogenase activity was measured with the acetylene reduction assay using fresh nodules stripped from the root. The ethylene (C 2 H 4 ) production represented the nitrogenase activity after the nodules was exposed to acetylene (C 2 H 2 ) (Vessey 1994) . The significance of between-sample differences was assessed using Student's t-test.
Supplementary data
Supplementary data are available at PCP online.
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